Marine habitats are often used as surrogates of biodiversity for marine park planning. In this study we investigate the significance of both habitat and wind exposure to reef-top macroinvertebrates to determine whether habitats alone provide a surrogate of biodiversity. Detailed habitat maps of the reef flat of Rarotonga (Cook Islands) and historical wind data, were used to assess the distribution and abundance of the macroinvertebrate fauna of the reef-top. Macroinvertebrates were surveyed along transects at 128 sites in four main, broad habitat types (rubble/rock, sand/ coral, sand and algal rim) and two exposure categories (windward/leeward). Analyses of variance on the most abundant species and multivariate ordination (nMDS) found that habitat was more important than exposure per se in explaining the abundance of species and the composition of assemblages. The rubble/rock habitat had the greatest substratum heterogeneity and structural complexity and supported the largest number of species and individuals. Five of the abundant holothurian species and two echinoids (Echinometra mathaei and Tripneustes gratilla) were most abundant in the rubble/rock, while two holothurian species (Holothuria cinerascens and Actinopyga mauritiana) and the gastropod Trochus niloticus, were most abundant in the algal rim. Spatial data for the five most abundant species and two of the key fisheries species highlighted the significance of the south-eastern, windward coast to all species, an area that is most likely to be impacted by an increase in the frequency and magnitude of major storm events under future climate change scenarios.
INTRODUCTION
GLOBALLY, coral reefs provide a diverse range of ecosystem services, including the protection of coastlines and fisheries that supply protein to millions of people (Hoegh-Guldberg 1999; Pandolfi et al. 2005 ) but over-fishing and pollution have caused substantial degradation of tropical reef ecosystems Pandolfi et al. 2003 Pandolfi et al. , 2005 . The projected losses of, and damage to, reefs from impacts associated with climate change, including coral bleaching (Hoegh-Guldberg, 1999; Graham et al. 2006) , ocean acidification (Kleypas et al. 2001) , sea level rise (Pittock 1999 ) and the effects of increased storm disturbance (Gardner et al. 2005; Madin and Connolly 2006) , are causing increasing concern for the livelihood and future of the peoples on low-lying Pacific atolls (IPCC 2007 ).
Reefs will be inundated unless the rates of reef growth match those of projected sea level rise (Spencer 1995) , with the potential loss of critical intertidal and shallow water habitats which support significant biodiversity and fisheries resources (Meesters et al. 1991; Gischler and Ginsburg 1996) . The disturbances caused by storms are already recognized as a major evolutionary and ecological force in determining the distribution and abundance of organisms on coral reefs (Connell 1978; Hughes 1989 ) and tropical storms have been shown to cause local reductions in species richness and the abundance of coral (Woodley et al. 1981; Massel and Done 1993; Connell et al. 1997) and to alter fish assemblages indirectly through habitat modifications (Kaufman 1983) or directly by increasing juvenile mortality (Lassig 1983 ).
The Pacific Island nations are intrinsically linked to, and dependent upon, the health of their coral reefs and associated resources (Barnett and Adger 2003) . The reefs have tremendous economic, social, cultural and ecological importance to the Islands. Many of the reef-top invertebrate species are among the most valuable of the inshore fisheries of the Pacific Islands (Dalzell et al. 1996) . Their high economic value and sedentary and conspicuous nature make many of these species extremely vulnerable to overfishing and any effects of climate change may exacerbate any existing impacts from overfishing 2005) by decreasing the stability and resilience of these communities Bellwood et al. 2004 ).
Historically, marine foods have provided a quarter of the protein intake of Cook Islanders (Hambuechen 1973; Johannes 1978) , with a large (~ 70 %) proportion of the population involved in some form of subsistence fishing (Ponia 2000) . The subsistence fishery in the Cook Islands centres on several species of echinoderms (e.g., sea cucumbers and sea urchins), molluscs (e.g., giant clams), and any reef fish of edible size (Hambuechen 1973 ) and the future viability of the fishery for some species is of considerable concern (e.g., giant clams Tridacna maxima - Sims et al. 1988) . However, little information is available on the distribution and abundance of reef resources for systems such as the Cook Islands, preventing any detailed assessment of the future sustainability of these subsistence fisheries and making conservation planning for these regions difficult.
In this study, we determined the influence of wave exposure and habitat on the distribution, abundance and assemblage composition of reeftop invertebrates on the island of Rarotonga, Cook Islands. We based our sampling and assessment of these important resources on spatially accurate, benthic habitat maps of the entire Rarotongan reef flat, developed from high-resolution aerial photography. This approach has rarely been used in studies of reeftop macroinvertebrates (but see Berg and Glazer 1995) .
The specific objectives of this study were to: i. Classify each coastal location on the island as either windward or leeward based on the analysis of an extensive historical dataset for wind speed and direction; ii. Describe the distribution of key microhabitats and broad habitat categories for the Rarotongan reef flat in relation to wave exposure; and iii. Determine the extent to which the distribution and abundance of key fisheries species, and the assemblage composition, differed between these habitats and exposure to prevailing winds.
MATERIAL AND METHODS

Study area and reef top habitats
The Cook Islands comprise fifteen islands in the central south Pacific Ocean, consisting of a northern and southern group lying between 8-23°S, 156-167°W and rise from the seafloor at 4 000 m depth (Woodroffe et al. 1991) (Fig.  1) . Rarotonga (21°12'06"S, 159°46'33"W) is the largest island (6 724 ha) of the Cook Islands, which lie in the south-east trade-wind belt, and the tropical climate is characterized by warm temperatures, high humidity, moist winters (June to September) and wet summers (December to May) (Leslie 1980) . The drier, leeward side of the island, receives a mean annual rainfall of ~ 2 050 mm. No climatic data are available for the windward, wetter side of the island (Stoddart and Fossberg 1972) . The winter months typically receive 50 % less rainfall (425 mm) than in summer (939 mm), and there is an average of 146 rainy days each year (Leslie 1980) . The mean annual temperature is 24°C and temperature varies by only ~ 4.3°C between the warmest (February) and coolest (August) months. The tides are semi-diurnal and small, with a tidal range of ~ 0.3 m on the neaps and 0.8 m on the spring tides (Gibbs et al. 1971; Stoddart and Fossberg 1972) .
Wind conditions and classification of windward/leeward exposures
Historical wind data provided by the National Tidal Facility Australia (Flinders University, South Australia), were used to determine the windward and leeward sides of the island. As wind direction cannot be averaged (e.g., an easterly wind (90°) + a westerly wind (270°) = a southerly wind (180°)), the mean velocity vectors were calculated for the eight major compass directions using equation [1] . The results from these four analyses were combined in order to estimate a boundary between the windward and leeward sides of the island. The R statistical software package was used to determine the percentage of time that a given point on the coast was exposed to some degree of wind. For every coastal aspect (i.e., the direction of the vector normal to the coastal tangent), the percentage of wind vectors lying in the "exposed" region was calculated. The exposed region for a particular coastal aspect was determined by the seaward side of the coastal tangent and this analysis was used to delineate a windward/leeward boundary for the island.
Sampling regime
High-resolution aerial photography was used to identify the major habitat types (rubble/rock, sand/coral matrix, sand, algal rim, passage/ harbour, and mudflat) on the Rarotongan reefflat (Fig. 2) . The area of each habitat type was then calculated as a percentage of the total area of available habitats. A 50 m point grid was overlaid on the habitat map in ArcView to indicate all possible sample sites. The grid consisted of 4 330 possible sites and covered an area of 10.8 km 2 . Each grid point was assigned a unique identifier. Based on a target of sampling a total of 200 sites (defined by logistical constraints for subsequent sampling), sites were randomly selected from the grid, with their allocation weighted in proportion to the area of each habitat type. Site-specific environmental conditions on the day of sampling (i.e., tidal and wave conditions) restricted sampling to 128 sites in total between January 6 and March 11, 1999. However, over the entire sampling season, the weighted representation of sample sites was maintained as closely as possible to the original allocation ( Table 1 ).
The sample sites were located in the field by using a combination of conspicuous reef-top or terrestrial features on the aerial photographs, triangulation and, where appropriate, compass bearings and distance estimates from physical features on the island and lagoon. Once situated at a sample site, the site was ground truthed to confirm that the assigned coarse habitat classification was accurate. If necessary, the habitat boundaries of the classification maps were adjusted in the GIS to reflect the true habitat type. A global positioning system (GPS) At each site, the numbers of reef-top macroinvertebrates (i.e., holothuroids, echinoids, asteroids, gastropods and bivalves) were counted along a 2 m wide x 50 m long transect using snorkel or SCUBA. In addition, the basal diameter of each topshell, Trochus niloticus, and the total length of each giant clam¸ Tridacna maxima, encountered was measured to the nearest 0.1 mm using vernier calipers. The lower size limit of individuals measured in this study was ~ 10 mm total length. Where possible, all loose rubble and boulders were lifted or overturned to ensure that cryptic or nocturnal species were counted. Heavily consolidated rubble was left undisturbed but cryptic species were sampled by close examination of the interstitial spaces. At the completion of each transect survey, the following micro-habitats were visually estimated as a percentage of the total (100 m 2 ) area: rubble, consolidated rubble, boulders, sand, live coral, dead coral, reef pavement, mud/silt and gravel (e.g., Kuchler 1986; Holthus and Maragos 1995) . The bottom water temperature (nearest 0.1°C) and time required to complete the transect were recorded.
Data analyses
Data were analysed using SPSS (Release 10.0.1). Prior to univariate analysis, density data were tested for normality and heterogeneity of the variances. The data were frequently skewed and heteroscedastic, so they were transformed by log 10 (n+1) before further analysis (Underwood 1981). Two-way ANOVAs were used to test whether the total number of individuals of each abundant (≥ 100 individuals) species and the overall total number of individuals and species differed among the habitat types and between exposures. Sixteen species (9 holothuroids, 4 echinoids, 1 gastropod, 1 asteroid, and 1 bivalve) were sufficiently abundant for analysis. The mudflat and passage/harbour habitats were excluded from these analyses because they occurred on only one side of the island, only three transects were completed in each of the habitats, and very few animals were found. Where the ANOVAs showed significant differences between the means, an a posteriori Tukey's test was used to explore these differences at the 0.05 level of probability (Underwood 1981) . Because multiple tests were carried out, only those factors that were significant at P < 0.001 are considered in detail.
The untransformed abundance data were incorporated in a GIS (ArcMap) to produce distribution maps for seven of the most abundant and culturally significant species (4 holothuroids, 1 echinoid, and 2 molluscs).
Analyses of reef-top assemblages
The composition of the macroinvertebrate assemblage (30 species) was compared between the windward and leeward exposures and among the four major habitat types (rubble/rock, sand/ coral matrix, algal rim and sand) using the PRIMER package (v5.2.8, Clarke and Gorley 2001) . Comparisons of similarity of the invertebrate assemblage structure between sites were done using non-metric multi-dimensional scaling (nMDS). A two-way crossed analysis of similarities (ANOSIM, note that PERMANOVA was not available in this version of Primer) was used to test whether the composition of the invertebrate assemblage differed significantly between exposures and among habitat types (Clarke and Gorley 2001) . The similarity percentages procedure (SIMPER) was used to determine which species contributed most to the BrayCurtis dissimilarity between the selected groups. Prior to analyses, species density data were fourth-root transformed-reducing the weighting of the abundant species (Clarke and Warwick 1994 ) and a similarity matrix was constructed based on the Bray-Curtis similarity measure (Clarke and Gorley 2001) .
RESULTS
Site characteristics
The total extent of reef flat was greater on the windward (~ 780 ha) than the leeward side (305 ha) of the island (Table 2, Fig. 2 ). The rubble rock and sand/coral habitats were the major habitat types on both the windward and leeward sides of the island (Fig. 2) . Extensive areas of both these habitat types are found on the south-eastern and southern parts of the reef flat, where the reef flat is broader than on the northern side of the island (Fig. 2 , Table 2 ). The area of each habitat type was greater on the windward than leeward side of the island, particularly for the sand/coral and sand habitat categories ( Table 2 ).
The algal rim and sand coarse habitat types were generally homogeneous in their composition of the constituent microhabitats, with the dominant microhabitat (reef/rock pavement and sand, respectively) comprising over 90% of the cover in both cases (Table 2) . In contrast, the other coarse habitat types were more heterogeneous, with the rubble/rock 324 PACIFIC CONSERVATION BIOLOGY habitat comprising three main substrata (rubblẽ 53%, reef rock/pavement ~ 25% and consolidated rubble ~ 12%) and the sand/coral matrix habitat type comprising sand (44%) and coral (live and dead -38%) and smaller percentages of rubble, consolidated rubble and reef rock/pavement (Table 2 ). In general, the dominant habitats were similar in composition for both the windward and leeward sides of Rarotonga, except the rubble/rock habitat where there was a greater proportion of the reef rock/ pavement microhabitat on the leeward (Table 2b ) than on the windward side (Table 2a) .
Wind conditions and classification of windward/leeward exposures
The greatest directional wind component and the strongest winds (> 5 m s -1 ) approach Rarotonga from the east and southeast direction (Fig. 3A, B) . The area of each wind rose petal is proportional to the number of observations in that directional sector and wind speed range. Table 2 . Mean percent cover (±1SE) of each of the microhabitat types for the coarse habitat categories over the entire island.
No mudflat habitat was found on the leeward side of Rarotonga and the passage/harbour habitat on the windward side was not sampled due to adverse and dangerous current and tidal conditions. -= not sampled. The monthly wind rose data also showed that the predominant wind direction is from the east and southeast and the strongest winds (> 5 m s -1 ) are from the east. Although the proportion of southerly winds was great, they were generally light (< 5 m s -1 ). The monthly wind rose data and weekly wind velocity vector (not shown) indicated that the predominant wind direction was from the east and southeast, and that there was considerable inter-annual variability in wind strength.
The analysis of the percentage of time that a given point on the coast was exposed to some degree of wind was used to estimate the windward/leeward boundary: windward was defined as a point along the coast that was exposed to onshore winds (irrespective of wind strength) for > 50% of the time. This analysis showed that every point along the coast of Rarotonga that faces between 16° and 196° in a clockwise direction, as determined by the vector normal to the coastal tangent, was on the windward side (Fig.3b) .
The reef top fauna
During this study, over 46 000 animals, representing 30 species, were counted from the six coarse habitat types (Tables 3 and 4 ). The holothuroids (68%) and echinoids (30%) comprised 98% of the total epibenthic invertebrate assemblage; the remaining 2% were gastropods, bivalves and asteroids. The total counts of nine of the 19 holothurian species (Table 3) and four of the six echinoid species (Echinometra mathaei, Tripneustes gratilla, Diadema savignyi, and Echinothrix diadema) (Table 4) , were larger than 100 individuals. Very large counts ( > 3 000 individuals) were recorded for four holothurians (Holothuria atra, H. leucospilota, H. difficilis and H. cinerascens), while Echinometra mathaei was the most abundant and ubiquitous echinoid species, occurring across five of the six habitats and contributing 96% to the total number of echinoids. Although three species of gastropod were recorded, the topshell Trochus niloticus was the only species to exceed 100 individuals, and accounted for 86% of the entire gastropod assemblage. The giant clam Tridacna maxima was the only bivalve found and occurred in all habitat types, except the mudflat. It was more abundant in the rubble/rock and sand/ coral matrix habitats.
Distribution and abundance
The abundance of seven of the nine most abundant species of holothurians (> 100 individuals) differed significantly among habitats (Table 5) , while the abundance of another (Holothuria leucospilota) also differed significantly among habitats but the habitat x exposure interaction was also significant (Table 5 ; Fig. 4 ). When habitat was significant, the mean square for habitat was far greater than for the exposure or habitat x exposure terms (Table 5 ). The mean number of individuals per 100 m 2 transect for five of the nine abundant holothurian species (Holothuria leucospilota, Holothuria difficilisḨ olothuria pervicax, Stichopus chloronotus, and Stichopus horrens) was significantly greater in the rubble/rock than in the other habitats (Tukey's HSD, P < 0.001, Tables 3, Fig. 4 ). For example, 100% of H. difficilis and about 94% of S. horrens and H. pervicax were found in the rubble/ rock habitat (Table 3 , Fig. 4 ). Two holothurian species, H. cinerascens and Actinopyga mauritiana, were found almost exclusively in the algal rim habitat and their average abundance was significantly greater in this habitat than the others (Tukey's HSD, P < 0.001, Table 3 and 5, Fig. 4 ). The mean number of individuals of Holothuria atra and Holothuria hilla did not differ significantly among habitats (Table 3 ).
The mean numbers of individuals differed significantly between exposures for only two holothurian species, Holothuria atra and H. cinerascens, but tended towards significance for H. pervicax (Table 5 ). The average abundance of H. atra was greater in the windward, sand and sand/coral habitats than in the other habitats and exposures (Fig. 4) . The mean number of H. cinerascens in the algal rim habitat was greater on the windward side than the leeward side (Fig.  4) . In contrast, the mean number of H. pervicax was greater on the leeward than the windward side (Fig. 4) .
The mean number of individuals per transect for each of the abundant echinoid species also differed significantly between habitats, either as a main effect or interacting with exposure (Table Table 5 . Mean squares and significance levels for two-way ANOVAs of the densities of the sixteen most numerically abundant species, the total number of individuals and the number of species for the different shallow-water habitats of Rarotonga, Cook Islands. df = degrees of freedom. + = 0.05 < P < 0.10; * = 0.01 < P ≤ 0.05; ** = 0.001 < P ≤ 0.01; ***= P < 0.001. 5; Fig. 5 ). Echinometra mathaei, the most abundant urchin, was significantly more abundant on the leeward than the windward side in the rubble/rock habitat, but not in the other habitats (Fig. 5) .
(a) Holothuria atra, (b) Holothuria pervicax, (c) Holothuria cinerascens, (d) Holothuria leucospilota, (e) Stichopus chloronotus, (f) Actinopyga mauritiana, (g) Holothuria difficilis, (h) Stichopus horrens, (i) Holothuria hilla.
The mean number of Trochus niloticus differed significantly between habitats, with the greater numbers in the algal rim than other habitats The total mean numbers of individuals and species differed significantly among the habitat types and the habitat x exposure interaction was also significant (Table 5, Fig. 6 ). The mean number of individuals was greater in the windward, algal rim and rubble/rock habitats than in other habitats and exposures (Fig. 6) . The mean number of species was greater in the rubble/rock habitat on the leeward and windward sides than in other habitats and exposures.
Spatial patterns of variation in abundant species
The five most abundant species of reef-top fauna (H. atra, H. leucospilota, H. cinerascens, H. difficilis, E. mathaei) and two less abundant species of cultural and fisheries significance (T. maxima, and T. niloticus) showed similar spatial patterns of abundance across the 128 transects (see Fig. 7 for patterns of four of these species). The counts of all species were consistently greater on the reef-flat on the southeast (exposed) side of Rarotonga (Fig. 7) . Echinometra mathaei was also abundant along the south and northwest coasts (Fig. 7C) . Holothuria leucospilota (Fig. 7B ) and H. atra (Fig. 7A) were also very abundant along the southern side of the island, but not along the east and west sides of the island. Holuthuria atra was also abundant on the reef-flat on the northwest side of the island. 
Assemblage composition
The composition of the invertebrate assemblage differed significantly among the different habitat types (ANOSIM, P < 0.001, R = 0.49), and also between the two exposures (ANOSIM, P < 0.02, R = 0.16) (Fig. 8) . Pairwise comparisons among habitats indicated that the greatest difference in the composition of the invertebrate assemblage was between the sand and algal rim habitats ( Fig. 8 ; R = 0.96), with lesser significant differences between the sand and the sand/coral matrix habitats ( Fig. 8 ; R = 0.32). The samples from the sand/coral habitat were more widely dispersed than those from the other habitats, particularly those from the algal rim.
The large dissimilarity in invertebrate communities between the sand and algal rim habitats was due mainly to the greater numbers of H. cinerascens and A. mauritiana in the algal rim habitat and their absence from the sand habitat, and the greater numbers of H. atra in the sand than the algal rim. These three species, in addition to T. niloticus, which occurred predominantly in the algal rim and rubble/rock habitat, accounted for 70% of the dissimilarity between the sand and algal rim habitats (SIMPER analysis). The dissimilarity between the sand/coral and algal rim habitats was explained by differences in the abundance of these same four species (H. cinerascens, H. atra, A. mauritiana and T. niloticus) and the large numbers of E. mathaei in the sand/coral habitat, and Echinothrix diadema in the algal rim habitat. 
DISCUSSION
The use of aerial photographs and GIS provided a cost-effective method for accurately mapping shallow-water habitats over the small spatial scales of many of the Pacific Islands, such as Rarotonga. The most extensive shallow-water habitat of Rarotonga was rubble/rock followed by sand/coral matrix, which together comprised approximately 80% of the total habitats on both the windward and leeward sides of the island. Rarotonga is exposed to the predominant eastsoutheast trade winds and this is reflected in distinct differences in reef development and habitat distribution between the windward and leeward sides of the island. The results from this study establish the first spatially accurate baseline assessment on the location and extent of reef-top habitats of Rarotonga. This information is critical for sound management planning, such as the design and placement of marine protected areas (e.g., Pressey 2004 ). This approach allowed very precise population estimates of distribution and abundance to be made and, consequently, provides resource managers with more accurate, spatially referenced information for decision making.
The invertebrate macrofauna of the Rarotongan reef-top was dominated by four holothurian species (Holothuria atra, H. leucospilota, H. cinerascens and H. difficilis) and one echinoid (Echinometra mathaei), which together accounted for about 95% of the total invertebrate assemblage on the reef-top of Rarotonga. The numerical dominance of these main species is characteristic of other reef-top systems throughout the tropical Indo-Pacific, including in the Marshall Islands (Bonham and Held 1963) , Indonesia (Roberts 1979) , Papua New Guinea (Massin and Doumen 1986) , Guam and Kosrae, (Kerr et al. 1993) , New Caledonia (Conand 1993) and Fiji (Seeto 1994 ).
The inhabitants of Oceania (Polynesia, Melanesia, and Micronesia) have traditionally obtained the bulk of their protein requirements from the sea (Johannes 1978; Matthews 1995) . The reef flat is an important zone for gathering marine invertebrates including molluscs, echinoids, and holothurians and provides a safe and easily exploited area for food gathering, which is typically carried out by women and children (Kirch and Dye 1979; Walter 1991) .
Broad-scale patterns of distribution
The broad-scale pattern of distribution and abundance for the most abundant invertebrate species of Rarotonga showed a general pattern of greater abundance in the windward lagoon on the southeast side of the island (Fig. 7) . Other regions of large abundance for most of the abundant species included two southern locations and the northwest lagoon. The greater densities of the main species recorded along the windward, southeast and southern parts of the lagoon reflect the greater heterogeneity and extent of habitats in this region than on the leeward, northern coast, where the reef-flat is very narrow (Fig. 2) . The southeast region on Rarotonga also has the widest reef-flat (up to 1 km wide) which may also contribute to the greater abundance and diversity of macrofauna found there. In Mauritius, the width of the reefflat influenced the diversity of fish and invertebrates, with a less diverse fauna on narrower fringing reefs than on wider reefs (Adjeroud et al. 1998) . Hydrodynamic conditions influence larval dispersal, and hence the patterns of distribution and abundance of the macroinvertebrates found in reef habitats. In combination with depth, hydrodynamics are also believed to influence the size, distribution and fission rates of Holothuria atra on Réunion Island (Conand 1996) .
In this study, the windward side of the island supported the greatest populations of four abundant holothurian species (H. atra, H. leucospilota, H. cinerascens and H. difficilis) . In contrast, E. mathaei was the main species characteristic of the leeward side of the island. Other studies have found that most tropical reef-flat holothurian species, including H. atra and H. leucospilota, Stichopus chloronotus and Isostichopus badionotus, are more abundant in areas that are sheltered from wave action (Bakus 1973; Sloan and von Bodungen 1980; Massin and Doumen 1986; Uthicke 1994 ) but other species, such as Actinopyga mauritiana and H. nobilis are found primarily on the wave exposed reef-flat (Massin and Doumen 1986) .
The intensity of fishing pressure on the reeftop invertebrate resources may account, at least partially, for the differences in abundances of some of these species between the windward and leeward sides of the reef. For example, Trochus niloticus and Tridacna maxima, were more abundant where the reef-flat was widest and had the greatest diversity of habitats (the southern and northwest lagoon, Fig. 7D ). These areas were often adjacent to the widest and deepest parts of the lagoon, making them less accessible to people and hence offering a degree of protection from harvesting. The greatest densities of large T. niloticus and T. maxima were found on the windward side of Rarotonga, suggesting that these areas may offer a natural refuge from fishing pressure due to the increased difficulty in accessing the windward habitats. On the leeward side, the reef-flat is much narrower (Fig. 2) and more readily accessible to people. Large T. niloticus and T. maxima were rarely found on this side of the island despite an abundance of juveniles, suggesting that either the adult stocks are being reduced through harvesting or that suitable adult habitat is lacking.
The spatial distribution of the algal rim holothurian species Actinopyga mauritiana on Rarotonga suggests that it may also be showing an effect of fishing: this large, conspicuous species was less abundant on the leeward side of Rarotonga where access for people is easier. In the Torres Strait, where the stocks of A. mauritiana are threatened by overfishing, densities are extremely low (~ 0.00001 individuals m -2 , Skewes et al. 2004) . The fishery for holothurian gonads, primarily from Holothuria leucospilota (matu rori), is still very important in the culture and tradition of the Rarotongan people and this fishery has likely impacted the reproduction of this species by delaying the spawning by male individuals that have had their gonads removed (Zoutendyk 1989; Drumm and Loneragan 2005) . The sea urchins that are most sought after by subsistence fishers on Rarotonga are Tripneustes gratilla (avake) and Heterocentrotus mammilatus (atuke), neither of which were very abundant.
Fishing pressure on finfish may also indirectly be influencing the distribution of the reef-top invertebrate communities of Rarotonga. For example, large sea urchin numbers are often associated with the removal of predatory fish by fishers (e.g., McClanahan and Muthiga 1989; McClanahan and Shafir 1990; McClanahan 1994 McClanahan , 1998 . Large increases in the size of Echinometra mathaei populations have been followed by the competitive exclusion of herbivorous fish and other sea urchin species, high reef substratum bioerosion and decreased reef topographic complexity (McClanahan and Muthiga 1989; McClanahan and Shafir 1990; McClanahan 1994) . The dominance of E. mathaei on the reef-top of Rarotonga, and the lesser abundance of the co-existing Diadema savignyi and Echinothrix diadema in the current study, could potentially be explained by the removal of predatory fish by harvesting.
Influence of habitat on distribution
The distribution and abundance of 14 of the 16 most abundant reef-top species and the composition of the reef-top assemblages, were strongly influenced by the type of habitat present on each side of the reef. Each of the major habitat types supported a distinct assemblage of macroinvertebrates, highlighting the importance of the detailed stratification used in this study for determining the estimates of total population sizes. Many previous studies have considered the reef-flat as one broad habitat category, distinct from the reef crest and the reef slope, and/or sampling has often been completed along transects running perpendicular from the algal rim or shore, consequently crossing several habitat types (e.g., Adjeroud 1997; Green and Craig 1999; Ponia 2000; Appana et al. 2004) . This issue was recognized in surveys to determine stock sizes of Trochus niloticus in Torres Strait (Long et al. 1993) .
Six of the sixteen abundant species, including five holothurians (Holothuria leucospilota, H. difficilis, H. pervicax, Stichopus chloronotus and S. horrens) , and the echinoid Tripneustes gratilla were more abundant in the rubble/rock than in the other habitats. The total number of individuals and species of macroinvertebrates were also greater in the rubble/rock than the other habitats. The rubble/rock habitat offers greater microhabitat heterogeneity (Table 2) , structural complexity and more interstitial spaces than the other reef-top habitats. The large proportion of rubble (loose and consolidated) and small proportion of live coral found in the rubble/rock habitat, are likely due to heavy wave action, which fragments coral and distributes it across the reef-flat. The physical characteristics of the rubble/rock habitat are likely to contribute to the greater species richness recorded in this habitat and to provide shelter for some species during various stages of their ontogeny. Smaller individuals of both Trochus niloticus and Tridacna maxima were also found in the windward rubble/ rock than other habitats suggesting that the rubble/rock habitat may act as a settlement substratum and juvenile nursery habitat for these species. Holothuria leucospilota was the most abundant species in the rubble/rock habitat in this study, consistent with the results from studies elsewhere in the Pacific (e.g., Roberts 1979; Massim and Doumen 1986) . The two main holothurian species characteristic of the rubble/rock habitat, H. leucospilota and H. difficilis, were more abundant on the windward than the leeward side of the reef.
The species composition of the algal rim habitat was most distinct from all other habitats and was characterized by two holothurian species, Holothuria cinerascens and Actinopyga mauritiana, and the topshell Trochus niloticus. Both H. cinerascens and A. mauritiana are well adapted to the high energy environment of the algal rim. Holothuria cinerascens is a suspension feeder and able to feed in the high water flow environment across the algal rim habitat, feeding by spreading its dendritic tentacles into the water while its body remains well hidden in crevices of the reef or rock (Sloan 1979) . Actinopyga mauritiana has a robust body-wall and strong tube feet that make it well adapted to its high-energy environment. This species is found on the exposed areas of reef/rock and coral, and is absent from leeward sections of reef at Eniwetok Atoll (Bakus 1968) , and on the outer reef-flat at Rongelap atoll, Marshall Islands (Bonham and Held 1963) .
Macroinvertebrate resources and climate change
The macroinvertebrates of the Rarotongan reef-top, including species of cultural importance, showed strong patterns of association with specific habitat types, but also varied considerably in their abundance depending on the degree of exposure of those habitats. These patterns suggest that future climate change could have a significant impact on the fisheries resources of the Cook Islands, with marked effects on the livelihood of the local peoples. Reef-flat and lagoon harvests contribute up to 25% of the total protein intake on Rarotonga (Hambuechen 1973 ) and the predicted future increases in storm intensity and frequency (Knutson and Tuleya 2004; Webster et al. 2005) are likely to change the degree of exposure around the reef, affecting the distribution of key, culturally important invertebrates, harvested by Cook Islanders for food (Hambuechen 1973; Johannes 1978; Dalzell et al. 1996) .
Wind and wave activity are likely to have the greatest effect on reef structure (Gibbs et al. 1971; Stoddart and Fosberg 1972; Leslie, 1980) . Waves generated under persistent tradewinds and storms are important in determining the zonation and distribution of rubble and sediments on reefs (e.g., Graus et al. 1984) , so increases in storm intensity and frequency under climate change may lead to a redistribution or even loss of this critical rubble habitat which supports so many species important to Rarotongans (see also Walker et al. 2008) .
Echinometra mathaei was the most abundant species on Rarotonga and was also characteristic of the rubble/rock (and to a lesser extent the sand/coral) habitat, but was more abundant on the leeward side of the island (see also Khamala 1971; McClanahan et al. 1994) . This species is a widespread and often the dominant echinoid of tropical reefs (Tsuchiya and Nishihira 1984; Conand et al. 1998) , occupying a variety of habitats, but is often associated with hard substrata that offer crevices and the potential to excavate burrows into the rock (Khamala 1971) . Importantly, E. mathaei has a large influence on reef structure through bioerosion (Conand et al. 1998; Mapstone et al. 2007 ) and has been implicated in having a key role in controlling the abundance of macroalgae on reefs in other systems (see review by McClanahan and Muthiga 2001) .
Recently, significant attention has been given to the importance of phase-shifts on coral reefs (e.g., Jompa and McCook 2002; McManus and Polsenberg 2004; Mumby et al. 2006a) . Changes in community structure from systems dominated by hard corals to ones dominated by macroalgae, have been linked to reductions in the abundance of large herbivores, including urchins (McCook et al. 2001; McClanahan et al. 2002) , with implications for the long-term resilience of reef systems Mumby et al. 2006b ). There are also complex interactions between the effects of urchin grazing and changes in habitat complexity (Mapstone et al. 2007 ). These findings suggest that any reduction (mediated through climatedriven changes in exposure and/or distribution and coverage of rubble habitat) or increase (due to over-fishing of their predators) in the abundance of Echinometra mathaei on Rarotonga could lead to cascading effects on other components of the reef system through changes in the intensity of urchin grazing but also through their influence as bio-eroders (Bak 1990; Conand et al. 1998) .
Concerns over the effects of climate change on small islands in the Pacific Ocean have highlighted issues such as the impacts of increased storm intensity on terrestrial food production and damaged infrastructure and potential losses of revenue from tourism (IPCC 2007) . Concerns have also been raised in relation to potential shifts in the distribution of oceanic-pelagic fisheries such as tuna (Barnett and Adger 2003) with implications for changes in catches for different Pacific island nations (IPCC 2007) . The results of our study indicate the potential sensitivity of the reef-top invertebrate resources of Rarotonga to climatedriven changes that may affect the distribution and abundance of these animals due to their close association with specific habitats along exposure gradients.
